Basic Concepts 2.1 Definitions and Specifications
Any material used to simulate a particular body tissue with respect to a set of physical characteristics is called a tissue substitute. The set of physical characteristics chosen will depend on the application. In general, two different sets of physical characteristics are in use as criteria for the selection of a material as a substitute for a particular body tissue, namely (a) the radiation interactions in the body tissue and (b) the dosimetric quantities at a point of interest in the body tissue.
Phantoms
When a volume of a tissue substitute is used to simulate radiation interactions, this volume is called a phantom. A phantom may also simulate a body tissue with regard to anatomical details such as shape and spatial mass density distribution. The terms body, homogeneous and standard phantoms, and bolus are defined and discussed in ICRU Reports 23 (ICRU, 1973 ), 24 (ICRU, 1976 , and 30 (ICRU, 1979a) . The definitions are repeated here for convenience.
A body phantom is a phantom in the shape of a human body or part of it. A body phantom is generally composed of various tissue substitutes simulating the human body or a part of the body with respect to size, shape, position, mass density, and radiation interactions.
A homogeneous phantom is a phantom made of one material only.
A homogeneous phantom which is cubic in shape and at least 30 cm on a side is called a standard phantom. Standard phantoms are used to compare irradiations under standard conditions.
Bolus is a tissue substitute placed next to the irradiated object to provide extra scattering or build-up or attenuation in the beam. Its purpose is usually to even out the irregular contours of a patient in order to present a plane incident surface to the beam.
A reference phantom is a homogeneous phantom with clearly defined geometry, dimensions, elemental composition, and mass density. In ICRU Report 33 (ICRU, 1980) the specification of a 30-cm diameter spherical reference phantom is given. The sphere has an elemental composition representing average soft tissue (10.1% H, 11.1% C, 2.6% N, 76.2% 0, by mass) (see Section 4.3 of this Report) and a mass density of 1000 kg m-3 . (In practical measurements, materials having elemental compositions and mass densities somewhat different from those specified are often used and some of these give adequate accuracy.) This reference phantom is used in radiation protection for 3 the definitions of operational quantities for dose equivalent [ICRU Report 39 (ICRU, 1985) ].
Interaction Coefficients
For the characterization of body tissues and tissue substitutes with respect to radiation interactions, the radiation transport of both primary and secondary particles in the energy range of interest must be considered. Generally the following interaction coefficients are used:
(1) The cross section, (T, of a target entity, for an interaction produced by incident charged or uncharged particles is the quotient of P by <P, where P is the probability of the interaction for one target entity when subjected to the particle fluence <P, P (T =-. 
2)
Ii is called the total linear attenuation coefficient. For neutrons, Ii is sometimes given the symbol L and is called the macroscopic cross section.
The mass attenuation coefficient is the product of (T and NAIM, where NA is the Avogadro Constant, and M is the molar mass of the target element, Ii NA --;=M(T· (2.3)
(3) The mass energy transfer coefficient, litrl p, of a material for uncharged ionizing particles is the quotient of dEtrlEN by pdl, where E is the energy of each particle (excluding rest energy), N is the number of particles, and dEtrlEN is the fraction of incident particle energy that is transferred to kinetic energy of charged particles by interactions in traversing a distance dl in the material of density p, I1tr 1 dEtr -= ----. p pEN dl (2.4) Unit: m 2 kg-1 (4) The mass energy absorption coefficient, l1 en l p, of a material for uncharged ionizing particles is the product of the mass energy transfer coefficient,l1trl p, and (1g) where g is the fraction of the energy of secondary charged particles that is lost to bremsstrahlung in the material, l1en = I1tr (1 _ g).
(2.5) Unit: J m 2 kg-1 Sip may also be expressed in e V m 2 kg-l • (6) The linear energy transfer or restricted collision stopping power, Lt:,., of a material for charged particles is the quotient of dE by dl, where dE is the energy lost by a charged particle in traversing a distance dl due to those collisions with electrons in which the energy loss is less than .:1, (2.7)
Unit: J m-I Lt:,. may also be expressed in keY /-Lm-I .
When .:1 is larger than the maximum delta-ray energy, Lt:,. is called L"" which is identical to collision stopping power, Seo\.
(7) The mass scattering power, Tip, of a material for charged particles is the quotient of d82 by p dl, where d82 is the increase in the mean square angle of scattering of a charged particle traversing a distance dl in a material of density Unit: J W may be expressed in eV.
More details on the above interaction coefficients, in particular with regard to specific notations for x rays, gamma rays, and neutrons, are given in ICRU Reports 33 (ICRU, 1980) and 35 (ICRU, 1984a) .
For many applications the mass density may also need to be considered.
Dosimetric Quantities
The measurement of absorbed dose or of microdosimetric quantities entails a determination of energy deposition by charged particles at the point of interest. If the incident radiation consists of charged particles (e.g., high-energy ions), secondary particles (e.g., lowenergy electrons termed {) rays) may also originate at some distance from the point of measurement. Moreover, if the incident radiation consists of uncharged particles (e.g., photons or neutrons), the charged particles are secondary radiations (e.g., electrons, protons) that may originate at appreciable distance from the point of measurement.
The part of a detector in which these secondary charged particles are produced is the absorbing material. It is necessary that the volume of this material be sufficiently large so that essentially all of the detected particles originate in it if the material surrounding the dosimeter has a different composition. In measurements of dosimetric quantities relating to tissue, the interpretation of the detector response is evidently simplified if the absorbing material is a suitable tissue substitute. Furthermore, if the detector is located in a phantom and if detector and phantom materials are well-matched, the dimensions of the absorbing material become irrelevant.
The response of the detector is produced by a sensing element that produces a signal indicating the value of a physical quantity (such as ionic charge or temperature increase) that is related (and usually proportional) to the energy absorbed per unit mass of mater ial. Because of interaction with the incident radiation, the mass of the sensing element must be minimal unless it also consists of tissue substitute material and can combine the functions of absorption and sensing. This condition is met by the tissue-equivalent ionization chamber (Failla and Rossi, 1950) .
For the characterization of detector materials with respect to their ability to simulate body tissues, the following quantities are used:
(1) The kerma, K, is the quotient of dE tr by dm, where dE tr is the sum of the initial kinetic energies of all the charged ionizing particles liberated by uncharged ionizing particles in a material of mass dm,
(2.10)
The special name for the unit of kerma is gray (Gy).
For uncharged ionizing radiation of energy E (excluding rest energy), the relationship between energy fluence, 1/' , and kerma, K, may be written as,
where Ptrl P is the mass energy transfer coefficient, P is the particle fluence and [E(Ptrl P )] is called the kerma factor. (2) The absorbed dose, D , is the quotient of d( by dm, where d( is the mean energy imparted by ionizing radiation to matter of mass dm,
The special name for the unit of absorbed dose is gray (Gy).
(3) The dose equivalent, H, is the product of Q and D at the point of interest in body tissue where D is the absorbed dose, Q is the quality factor weighting the absorbed dose for the biological effectiveness of the charged particles producing the absorbed dose [ICRU Report 40 (ICRU, 1986)] H=QD.
(2.13)
The special name for the unit of dose equivalent is sievert (Sv).
In microdosimetry, the quantities specific energy, Z, and lineal energy, y, describe the energy deposition events in microscopic structures.
(4) The specific energy (imparted), z, is the quotient of (by m, where ds the energy imparted by ionizing radiation to the matter of mass m,
The special name for the unit of specific energy is gray (Gy) .
For the idealized case of m --0, the mean value 2.2 Interactions of Radiation with Body TISSUes • •• 5 of specific energy is identical to absorbed dose in the mass m.
(5) The lineal energy, y, is the quotient of ( by 1, where (is the energy imparted to the matter in a volume of interest by an energy deposition event and 1 is the mean chord length in that volume,
y may be expressed in eV m-1 , or some convenient sub-multiple or multiple, such as keV J,Lm-1 .
For a convex region of volume, V, and surface area, a, the mean chord length, 1, equals 4 Via.
It is useful to consider the weighted probability density of y, frequently called "dose distribution" of y,
where f(y) is the probability density of y and YF is the frequency-mean lineal energy.
The dose-mean lineal energy is denoted by Yo and by y* when it is corrected for saturation. More information on the above dosimetric quantities is to be found in ICRU Reports 33 (ICRU, 1980) and 36 (ICRU, 1983).
Interactions of Radiation with Body Tissues

Photons
In the energy interval 10 keV to 100 MeV, photons interact in body tissues by an energy-dependent combination of photoelectric absorption, Compton (incoherent) scattering and coherent scattering, pair production, and photo nuclear absorption interactions [Evans, 1968; Hubbell, 1969; ICRU Reports 14 (ICRU, 1969b ), 17 (ICRU, 1970b , and 23 (ICRU, 1973) ]. At 10 keV, photoelectric absorption is the predominant process. For example, in muscle, photoelectric absorption contributes approximately 93% of the total cross section at this energy, with Compton and coherent scattering contributing the remainder. As the photon energy increases above 10 ke V, the importance of photoelectric interactions decreases while that of Compton processes increases. In muscle at 1 MeV, Compton scattering predominates, being in excess of 99% of the total cross section. At 100 MeV, pair production and Compton processes account for approximately 84% and 16%, respectively, of the total attenuation in muscle. Photonuclear absorption may result in the emission of one or more neutrons, charged particles, or gamma rays. This is a minor process and is characterized by a broad peak in the absorption cross section as a function of energy. For 12C, the peak photonuclear absorption cross section at 18.7 MeV is only 5.9% of the competing total electronic cross section (Hubbell, 1969) .
The total photon interaction cross section, fT, is given by
where the component cross sections refer to those for photoelectric absorption, Compton scattering, coherent scattering, and pair production, respectively. At energies in excess of a few MeV, further terms for nuclear interactions may need to be added.
For x rays and gamma rays, the total mass attenuation coefficient, fJ.I p, may be expressed as the sum of its components using the following notation
where the component mass attenuation coefficients refer to those for photoelectric absorption, Compton scattering, coherent scattering, and pair production, respectively. At energies in excess ofa few MeV, extra terms for nuclear interactions may need to be added [ICRU Report 33, (ICRU, 1980) ]. The mass attenuation coefficients of a chemical compound or mixture can be approximately evaluated from the weighted sum of the mass attenuation coefficients of the constituent elements. Deslattes (1969) and Hubbell (1969) have pointed out limitations in this mixture rule attributable to the fact that changes in the atomic wave-function resulting from changes in the molecular, chemical, or crystalline environment of the atom are ignored. With the exception of the finestructure regions above absorption edges, for photon energies above 10 keV, errors from these sources are expected to be less than a few percent. At very low energies (10-100 eV), errors of as much as a factor of two can occur.
The dependence of the principal photon interaction processes upon the atomic number (Z) of the attenuating material is well-established (Walter, 1926; Mayneord, 1937; Spiers, 1946) . The variation with atomic number, Z, of the principal atomic cross sections follow approximately a simple power law. For body tissues, the exponent of Z for photoelectric absorption cross sections (per atom) beyond the photon energies where absorption edges occur, is 4.1 to 4.9 for energies below 150 ke V (Hine, 1952; Weber and Van den Berge, 1969; Cho et al., 1975; McCullough, 1975; White, 1977a) . Similarly, the exponent of Z for coherent scattering cross sections (per atom) is 2.4 to 2.8 (Weber and Van den Berge, 1969; White, 1977a) , while for pair production cross sections (per atom) at 40 Me V it is 1.7 to 2.0 (White, 1977a). For Compton cross sections (per atom) the exponent of Z is unity.
Mass attenuation coefficients similarly show a power law dependence on atomic number, with exponents of Z being one less than those for the corresponding cross sections. The Compton mass-attenuation coefficient (fTcl p) of a substance is noticeably influenced by its hydrogen content.
The relative contributions to fJ.I p and fJ.enl P in muscle (skeletal) from the principal elements present, are shown in Figs. 2.1(a) and (b).
The importance of scattered radiation in dosimetry must not be underestimated. The amount of scattered radiation present as a beam of x rays or gamma rays passes into a large volume of body tissue will be influ-. enced by the radiation quality, the depth of penetration, and the field size. For all radiation qualities, the amount of scattered radiation increases up to a maximum value and then decreases as the depth increases. In contrast, the amount of primary radiation decreases exponentially with depth. As the field size increases, the amount of scattered radiation increases. Johns and Cunningham (1984) give the contributions from primary radiation and scattered radiation to the absorbed dose at depth appropriate to an irradiated tissue volume or phantom for selected photon spectra. For a square 100 cm 2 x-ray field [half-value layer (HVL) 1.0-mm Cu; focus skin distance (FSD) 50 cm] delivering an incident surface dose of 1 Gy, the absorbed dose at a depth of 10 cm is 0.11 Gy from primary radiation and 0.34 Gy from scattered radiation. If the field size is increased to 400 cm 2 , the absorbed dose at 10 cm due to scattered radiation is 0.54 Gy with the primary absorbed dose remaining unchanged. As the photon beam hardens with depth (HVL > 1.5-mm Cu), the relative importance of the primary contribution increases and the scattered component decreases. For example, with cobalt-60 radiation [source skin dis- tance (SSD) of 80 cm; radius 11 cm) at a depth of 10 cm, the primary absorbed dose is 0.43 Gy and the scattered absorbed dose is 0.20 Gy for a peak absorbed dose of 1 Gy primary radiation.
Electrons
Electrons in the energy interval 10 keV to 100 MeV lose energy while traversing body tissues by two main energy-dependent processes, electronic collisions, and bremsstrahlung production [Birkhoff, 1958; Evans, 1968; Bichsel, 1968; ICRU Report 35 (ICRU, 1984a») . Up to 500 keV, electronic collisions are the predominant cause of energy loss. As the electron energy increases above 500 keV, bremsstrahlung increases, rising in muscle from approximately 1% to 47% of the total energy loss as the energy increases from 1 to 100 MeV. An interaction of an energetic electron with an atomic nucleus can lead to a nuclear reaction and to the emission of one or more nucleons. Nuclear reactions can be induced either directly by the electron or by the bremsstrahlung it may produce [ICRU Reports 21 (ICRU, 1972) and 35 (ICRU, 1984a»).
The total mass stopping power, S/ p, for electrons includes the total energy loss, dE, by collision and bremsstrahlung production for a path length dl in matter of mass density, p. For energies at which nuclear interactions may be neglected, the total mass stopping power can be separated into two components. ; = ; ~~ = (;)C01 + (;)rad' (2.19) The mass collision stopping power, (S/ p )CO), includes all energy losses in particle collisions which directly produce secondary electrons and atomic excitations. It
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also includes energy losses due to the production of Cerenkov radiation. The mass radiative stopping power, (S/ p )rad includes all energy losses of the primary electron which lead to bremsstrahlung production [ICRU Reports 35 (ICRU, 1984a) and 37 (ICRU, 1984b»).
The mass collision stopping power of a compound can be estimated from the weighted sum of the mass collision stopping powers of the constituent elements. This necessitates the choice of appropriate values for the mean excitation energies (I) of the constituents. If the same I-values for the atomic constituents of a compound are used as for the corresponding elemental substances, some error is introduced because of the neglect of molecular binding effects [ICRU Report 37 (ICRU, 1984b»). The accuracy of this mixture rule can be improved by assigning I-values to the constituents which are dependent on the type of compound and on the physical state of aggregation of the medium. This assignment procedure was adopted in ICRU Report 37 which gives tabulations of stopping powers for electrons and positrons for a wide range of substances, including body tissues and tissue substitutes.
ICRU Report 35 (ICRU, 1984a) discusses the scattering events that occur when a beam of electrons passes through a certain thickness of body tissue or phantom material. The multiple scattering of electrons traversing matter is described by the meansquare angle of scattering, 82, which increases almost linearly with absorber thickness up to an equilibrium value of approximately 0.6 radian 2 at depths beyond % to 1f2 of the practical range (Rossi, 1952; Tabata et al., 1967; Roos et al., 1973) . The electron mass scattering power, T/ p, expresses the increase in mean square angle of scattering, d82, for a path length dl in matter of mass density, p (Eq. 2.8) [ICRU Report 35 (ICRU, 1984a) ]. The mass scattering power must be evaluated with care for thin absorbers (thickness <1 mg cm-2 of unit density material) where single large-angle scattering events can be important. For thick absorbers, the mean energy loss of the electron must be considered.
The dependence of electron interactions on Z has been investigated by White (1977a) . Collision and radiative mass stopping powers for elemental groupings appropriate to body tissues cannot be related to atomic number by a simple power law. Conversely, electron mass scattering powers exhibit a simple power law dependence on atomic number. For example, 1 Me V electrons traversing body tissues have Z-exponents of 0.59 to 0.88 for this scattering process.
Neutrons
Unlike photons and charged particles, both of which predominantly interact with atomic electrons, neu-trons interact with atomic nuclei. In the energy interval 25 meV to 100 MeV, there are five ways in which neutrons interact with the body tissue elements, namely, neutron capture, elastic scattering, inelastic scattering, nuclear reactions, and spallation [Auxier et al., 1968; ICRU Report 26 (ICRU, 1977) ; Greening, 1981] .
Neutron Capture. This type of interaction dominates at thermal energies (approximately 25 meV) and remains important at energies that are several orders of magnitude larger although the cross section usually decreases with the inverse square root of the neutron energy. The major fraction (80%) of the absorbed dose from thermal neutron irradiation of small individual volumes of tissue «l-cm diameter) is due to the 14N(n,p)l4C reaction. Capture by hydrogen produces 2.2-Me V photons for possible interaction at other sites remote from that of the capture. For large volumes, approximating a torso in size, the ratio of the absorbed dose from capture by hydrogen to that from capture by nitrogen depends on location and can be as large as "=' 100.
Elastic Scattering. This is an interaction without an energy threshold in which both the momentum and the kinetic energy of the neutron and interacting nucleus are conserved. Between 10 ke V and 18 Me V elastic scattering by hydrogen is the major contributor (97-69%) to tissue kerma and absorbed dose (Auxier et al., 1968) . For neutron energies above 100 e V (i.e., well in excess of the chemical binding energies, which are of the order of a few eV), on average 50% of the initial energy of the scattered neutron is transferred to the recoil proton which deposits this energy within at most a few millimeters from the site of the interaction.
Elastic scattering also occurs with C, N, and 0 nuclei, with typically 10-15% of the incident neutron energy being transferred to the recoiling nucleus. The macroscopic elastic cross sections of C, N, and 0 in tissue are on average less than that of hydrogen by an order of magnitude. For the neutron energy interval 100 eV to 10 MeV, C, N, and 0 elastic recoils contribute 1-20% of the total dose with the larger fractions at high energies or at resonances, especially in oxygen, in the energy interval 0.4-5 MeV (Auxier et al., 1968) .
In the scattering and further moderation of slow neutrons in body tissue, the interaction with any H, C, N, or 0 nucleus is effective with the greater mass of a chemical group, or a whole molecule. Consequently, the energy transfer is reduced by typically 10-100%, and slow neutrons penetrate diffusively until captured by hydrogen or nitrogen nuclei. Chemical binding energies, which are determinants of such diffusion, are given in the Handbook of Chemistry and Physics (CRC, 1984) .
Inelastic Scattering. These are reactions with ener-gy thresholds in which the neutron loses energy, exciting the nucleus to emit a photon but without any charged particle emission. Twelve such reactions occur with C, N, and 0 nuclei and have their thresholds in the energy interval 0.5-13 MeV. The cross sections for these interactions exhibit many resonances and increase in magnitude with increased neutron energy. At most, inelastic scattering contributes only a few percent of the total absorbed dose in body tissue (Auxier et al., 1968) . Nuclear Reactions. These are reactions with energy thresholds in which the neutron causes the emission of charged particles (proton, triton, or alpha particle) and usually photons. Nine such reactions occur with C, N, and 0 nuclei with thresholds between 5-12 MeV. The cross sections tend to increase with increased neutron energy. With increasing neutron energy above 20 MeV, nuclear reactions, mostly with oxygen, contribute an increasing fraction (25%) of the total absorbed dose in body tissue because of the increased average energies of the emitted particles (Auxier et al., 1968) .
Spallation. In this process, the nucleus (except for hydrogen) is fragmented with the emission of several particles often including neutrons. The process becomes significant only as neutron energies approach 100 MeV, when it is responsible for 20% of the total absorbed dose in body tissue.
The total neutron cross section, (T, is given by 
equal (Ta.
Similar expressions may be derived for the absorption and scattering components (li-a,li-s) of the total attenuation coefficient.
The relative contributions to kerma for neutrons in muscle (skeletal) from the principal elements present are shown in Fig. 2.1(c) . At any point that is more than a few mm from the body surface, kerma and the absorbed dose are very nearly equal in the range of energies covered by this figure. At lower energies the photons arising from capture by hydrogen (whose production does not contribute to kerma locally) impart absorbed doses elsewhere in the body. 
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Heavy Charged Particles
In the energy interval 1 to 500 Me V, inelastic electronic collisions are the major cause of energy loss for heavy charged particles such as pions, protons, tritons, alpha particles, nuclear fragments, and recoils. Elastic scattering and bremsstrahlung production are generally negligible in comparison to the collision process (Evans, 1955) . Small angle scattering is exhibited almost exclusively by these particles. Spallation reactions initiated by heavy particles are relatively infrequent below 500 MeV, but generally result in secondaries that have high-LET which may increase the Relative Biological Effectiveness (RBE) appreciably. Such data have been obtained by Kliauga et al., (1978) .
The total mass stopping power , Sip, for heavy charged particles is essentially equal to the collision mass stopping power, ~=!dE",,(~) . Negative Pions. After a negative pion has lost its kinetic energy by ionization, it can enter an atomic orbit. When the pion reaches the lower orbits, its wave function overlaps with the nucleus and fragmentation of the nucleus occurs. Alternative routes to this fragmentation are that the pion enters a molecular orbit, or that if initially captured by a hydrogen atom, it transfers to the heavier atom to which the hydrogen is bound. In both effects, molecular structure plays a considerable role in the atomic capture of pions and the resulting fragmentations; small concentrations of trace and minor elements can produce disproportion-ately large effects (Jackson et al., 1982; Jackson and O'Leary, 1984; Shortt, 1984) .
Radiation Interaction Characterization of
Tissue Substitutes
Phantom Materials
Phantoms made with tissue substitutes are used in medicine, radiation protection, and radiobiology to calibrate radiation detection systems and to permit depth-dose measurements [ICRU Reports 23 (ICRU, 1973 ),24 (ICRU, 1976 , 30 (ICRU, 1979a), 39 (ICRU, 1985) ]. The purpose of the phantom is to simulate the modification of the radiation field caused by absorption and scattering in the body tissues or organs of interest. The geometry and composition of the phantom must, therefore, approximate its biological counterpart within the accuracy required by the specific application. Phantoms can represent a wide variety of body tissues, organs, or organ assemblies, and can be used for photons, electrons, neutrons, and heavy charged particles. Phantoms can be as simple as small, single sheets of tissue substitute or as complex as full size anthropomorphic assemblies with accurate reproduction of specific organs (Stacey et al., 1961; Alderson et al., 1962; Griffith et al., 1976) . Sources of the radiation fields can either be external to the phantom or can be radionuclides incorporated in the phantom materials. Applications involving internally deposited nuclides include calibration of whole-body counters for internally deposited isotopes such as fission products, plutonium, or other transuranic nuclides (Griffith et al., 1976; Newton and White, 1978) .
The composition of a tissue substitute chosen for a phantom is based on the composition of the body tissue to be simulated and the characteristics of the radiation field. There is no single chemical compound that matches the atomic composition of body tissue (White, 1974 and 1978) . The required composition can often be attained in aqueous mixtures or gels. However, it is frequently inconvenient to utilize such formulations and other mixtures are employed in which the principal ingredient is a material that approximates tissue with respect to one or more radiation interactions. Other substances are often added to rectify, as far as possible, the deficiencies of the base material. Hence, tissue substitutes are often mixtures formulated so that their radiation interaction properties, rather than their atomic composition, match those of the . body tissue to the degree necessary for the specific application. Evaluation of the suitability of a given substitute includes a comparison of the pertinent radiation interaction characteristics and mass densities of the body tissue and substitute.
Photons. Equal thicknesses of body tissue and a tissue substitute used as a phantom will attenuate x rays and gamma rays to the same extent, if the total linear attenuation coefficients over the appropriate energy interval are identical for the two materials. If this identity is to be attained over an appreciable energy interval, it is necessary that the component linear attenuation coefficients for photoelectric absorption, T, Compton scattering, (Te, coherent scattering, (Teoh, and pair production, K, for the body tissue and substitute are individually matched. This will also result in equal photon scattering. At energies in excess of a few MeV, nuclear interactions may need evaluation.
The simulation of body tissues may be achieved by matching,ul p, rip, (Tel p, (Teohl p, Kip and p (White, 1974) , or by matching ,u, T, (Te, (Teoh, and K (Geske, 1979; Hermann et al., 1985a and b, 1986; Geworski, 1986; Geworski et al., 1986 ). An indirect method of simulation uses effective atomic numbers and electron densities (Mayneord, 1937; Spiers, 1946; White, 1978) .
The mixture rule used for deriving mass attenuation coefficients for compounds is thought to be valid for energies above 10 ke V and more than 1 ke V above an absorption edge (Deslattes, 1969; Hubbell, 1969; Jackson, 1982a and b) . For photon energies outside these limits, the effects of molecular binding must be considered.
Because of the strong Z-dependence of the photoelectric effect, and to a lesser degree, pair production, concentrations greater than 0.1% by mass of elements with Z ~ 10 may significantly influence the magnitude of the mass attenuation coefficients of a tissue substitute at low to moderate energies. It is, therefore, important to have an accurate measurement of the relative abundance of such elements in both body tissue and substitute. However, other high-Z elements may be introduced into tissue substitutes to adjust values of ,u I p and ,u by the addition of small amounts of suitable materials.
Electrons. If equal thicknesses of body tissue and a tissue substitute are to absorb and scatter electrons to the same extent, both total linear stopping powers, S, and linear scattering powers, T , must be identical for body tissue and substitute over the appropriate energy interval. Strictly, the component linear stopping powers for collisions, S eal. and bremsstrahlung production, Srad, must be individually matched.
Body tissue may be simulated by matching Sip, (SI p )eol. (Sip )rad, Tip and p (White, 1974) or by matching S, Seal, Srad and T [ICRV Report 35 (ICRV, 1984a) ). Balzer et al. (1986) , chose the practical range and the height of the depth-dose maximum as the quantities to be matched by the tissue substitute.
In general, tissue substitutes that are suitable as phantom materials for photons are also acceptable for electrons (Balzer et al., 1986) .
Neutrons. As neutrons interact with atomic nuclei, the absorption and scattering processes of the elemental constituents of a body tissue and its substitute are the main concern in neutron applications. From 25 meV (thermal) to a few keY, the 14N(n,p)14C reaction causes the major charged-particle production. However, the IH(n,'Y)2H reaction provides most of the whole body dose. At higher energies, the absorbed dose from recoil protons is the major contributor to the kerma and the combined hydrogen interactions represent nearly 100% of neutron scattering and absorption.
Only above 1 MeV do contributions from interactions with carbon and oxygen become significant [ICRV Report 26 (ICRV, 1977) ]. [See Fig. 2.1(c) .] For a phantom material to be acceptable in neutron dosimetry, the absorption and scattering components (,ua, ,us) of the total linear attenuation coefficient, ,u, over the required energy interval must be considered. To ensure that the complex, energy-dependent absorption and scattering processes within the body tissue and its substitute are identical, the elemental mass fractions of H, C, N, and 0 should be the same for the two materials (Rossi and Failla, 1956; Frigerio and Sampson, 1969; Constantinou, 1978) . In the special context of the spatial distribution of slow neutrons «10 e V) within a phantom, the effect of H-C and Ho bonds need to be considered.
Heavy Charged Particles. The radiation interactions within a tissue substitute due to heavy charged particles may be characterized by considering total linear stopping powers, S. As electronic collisions predominate in the energy interval considered here, it is only necessary to consider linear collision stopping powers, Seal [ICRV Report 28 (ICRV, 1978) ). It should be noted that small angle scattering leads to the widening of narrow beams. a The values of these quantities depend upon the mass densities of the phantom materials. b These quantities often necessitate elemental equivalence between tissue substitute and body tissue being simulated. e Mass collision stopping power for electrons. d Called the kerma factor. " Mass collision stopping power for heavy charged particles.
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Negative Pions. For these particles, the molecular structure of the tissue substitute must be considered in addition to the total linear stopping powers (Jackson, 1982b) .
A summary of the basic quantities needed for the characterization of phantom materials with respect to radiation interactions is given in Table 2 .1.
In order that equal volumes of the body tissue and tissue substitute have the same mass, mass densities must be identical.
Procedures to specify tissue substitute composition are to be found in Appendix C.
Radiation Detector Materials
Radiation detectors are used in routine dosimetry and research for the evaluation of absorbed dose, dose equivalent and kerma, and the microdosimetric frequency distributions of specific energy and lineal energy. The use of tissue substitutes in the construction of such radiation detectors is discussed in this section.
Practical dosimeters are based upon various physical responses such as gas ionization, temperature increase (calorimeters) and thermoluminescence. The characterization of tissue substitutes used in ionization chambers, proportional counters and calorimeters will be considered. Details of other types of radiation detectors will be found in Attix et al. (1966) , McLaughlin (1970 ), Horowitz (1981 , ICRU Report 34 (ICRU, 1982) , McLaughlin et al. (1985) .
A general theory of detector response is provided by the Bragg-Gray theorem (Gray, 1929 (Gray, , 1936 Burlin, 1968) . In this theorem, a detector is viewed as a discontinuity or "cavity," in an otherwise continuous medium. The detector usually has an elemental composition and mass density different (larger or smaller) from the medium. The Bragg-Gray theorem provides a simple means of dealing with such discontinuities as long as the size of the discontinuity or cavity is small compared with the ranges of the secondary particles produced.
Consider a small cavity in an otherwise continuous medium. This could be a walled detector whose walls are the same material as the medium. Let the total charged-particle fluence in the region of the cavity be cJ> in the absence of the cavity. The absorbed dose in the cavity, Dc, is, l Em " The Bragg-Gray theorem assumes the fluences in Eqs. 2.25 and 2.27 are equal and hence a relationship between the absorbed doses to the cavity (detector) and to the medium is obtained,
(2.28) Fano (1954) gives a rigorous proof of a theorem which extends the Bragg-Gray theorem to cavities or inclusions of arbitrary size providing that the elemental composition of the medium and inclusion are identical and that mass stopping power is independent of mass density. For inclusions which differ from the medium only in mass density, the charged particle fluence at all points is the same in the presence of the inclusion as in its absence providing that charged particles are generated in proportion to the mass density and the mass stopping power is independent of it. Fano's theorem permits the utilization of homogeneous detectors (such as the "tissue equivalent ionization chamber") under conditions where a signal of adequate magnitude can be obtained only when the range of charged particles is comparable to or even less than the mean chamber diameter. In neutron dosimetry, this is often the case for protons and almost always for heavier recoils.
Ionization Chambers. In an ionization chamber, an electric field is impressed on a highly insulating mass. Under irradiation, electronic charges are released in the inSUlating mass and drawn to the electrodes which establish the electric field. The net electric charge displacement in the external circuit constitutes the response of the detector. In practical ionization chambers, the insulating mass is gaseous. Chambers in which the sensitive volume is either a liquid or a solid have also been investigated (Blanc, 1970) . The discussion here will be restricted to gas ionization chambers.
Providing that all electronic charge released in the gas reaches the electrodes, a condition which is known as "saturation," the electric charge displacement in the external circuit may be used to measure the absorbed dose, Dc, in the gas, (2.29) where q is the saturation electric charge displacement, e the elementary charge, m the mass of the cavity, and W is the average energy dissipated in the gas by the secondary charged particles in producing one ion pair. The value of W for a mixture of gases may be estimated from the weighted sum of the W-values of the components of the mixture,
where Wi is the average energy dissipated per ionization event in the pure i th component and hi is the weighting factor for the i th component. The hi-values are normalized so that L hi = 1. The factors hi express i the relative amount of energy deposition in the ith component in the mixture and depend on the concentration and on appropriately integrated ionization cross sections (Inokuti and Eggarter, 1987) .
The weighting factors hi may be expressed in terms of the empirical constants f ij introduced by Hurst and Strickler (1960) to characterize the W of a binary mixture,
where Pi is the partial pressure of the ith component and L fij = 1. Since a complete theory of fij has not yet j been formulated, reliance must be placed on values which have been determined experimentally. Kemmochi (1976) found that Eqs. 2.30 and 2.31 accurately predicted W for alpha particles in gaseous tissue substitutes and, more recently, Thomas and Burke (1985) "btained close agreement between computed and measured values for protons in a methane-based tissue substitute. f-values are approximately proportional to mass stopping power.
Equation 2.30 with weighting factors given by Eq. 2.31 (incorporating measured fU-values) is reliable for mixtures which have been referred to as "regular" by Hurst and Strickler (1960) . In mixtures where Jesse effects occur (Jesse and Sadauskis, 1952), Eq. 2.30 would most likely overestimate the W for the mixture.
A review of W is given in ICRU Report 31 (ICRU, 1979b) and suggested values are tabulated for a selection of gases and radiations.
Frequently an ionization chamber is used to determine absorbed dose in a phantom of material different from the walls of the chamber. An additional step is required in this case to convert the chamber response to the absorbed dose to the medium. Equation 2.28 relates the dose in the cavity gas to the dose in the wall material. The absorbed dose in the phantom material filling the space occupied by the chamber is then derived from the absorbed dose to the wall material.
For a beam of uncharged particles, if the detector does not perturb the photon spectrum,
where (Penl p) is the mass energy absorption coefficient averaged over the photon spectrum and Dm and Dw are the absorbed doses to medium and wall materials, respectively. The ratio of mass energy absorption coefficients (or kerma factors) constitutes an absorbed-dose conversion factor which must be calculated from the elemental compositions of the materials and the elemental mass-energy absorption coefficients.
When the detector does perturb the fluence, certain correction factors must be included in Eq. 2.32 (Loevinger, 1981; AAPM, 1983) . These and other modifying factors which must be considered to correctly evaluate the response of an ionization chamber, are not considered in this Report.
An equation equivalent to 2.32 uses kerma factors for neutrons, and converts the absorbed dose in the detector wall to the dose in the medium for the case of a neutron radiation field. Kerma factors for elements found in body tissues and tissue substitutes, for certain tissues and substitutes, and for some materials which are employed in dosimetric measurements, may be found in ICRU Report 26 (ICRU, 1977) , Caswell and Coyne (1980), and Caswell et al. (1982) . The kerma factors are given as averages for contiguous energy bins extending from 26 meV to 30 MeV. In neutron dosimetry, mean kerma factors must be computed over the energy spectrum of neutron fluence appropriate for the point of interest.
A neutron beam passing through matter will produce photons as a result of nuclear absorption and other nuclear reactions. A pure neutron beam is rare and the interpretation of the chamber response is complicated by different conversion factors appropriate to the separate photon and neutron dose components. In such cases, the absorbed dose to the medium, where 1 is the fraction of the absorbed dose to the
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chamber due to photons. To use Eq. 2.33 to obtain the absorbed dose to the medium, it is necessary to determine the fraction f at the point of interest. In ICRU Report 26 (ICRU, 1977) , one of the methods described for the determination of f is based on the use of two ionization chambers one of which has a tissue-like response to photons and neutrons and the second of which is insensitive to neutrons. The photon absorbed-dose fraction normally increases with depth in a phantom. In neutron dosimetry, homogeneous chambers having walls and gas filling of similar elemental composition are used almost exclusively [ICRU Report 26 (ICRU, 1977); AAPM, 1980; Broerse et al., 1981] . This is achieved by matching mass energy transfer coefficients (Ptrl P ) for the primary radiation and mass collision stopping powers [ (Sip )col] for the secondary particles in the wall material and gas filling. Materials matching specific body tissues over given neutron energy intervals are generally required.
In the case of electron and other charged particle beams, for fluence unperturbed by the detector, the absorbed dose to the medium, D m , is obtained by the product of the absorbed dose to the chamber walls, Dw, and the ratio of the mean mass collision stopping powers, D = (Sip )col,m D m (Sip )col,w w'
(2.34)
Calorimeters. An absorbed dose calorimeter determines the energy deposited in a small, thermally isolated segment centered on the point of interest within a larger mass of the same substance. The energy deposited results in a rise in the temperature of the segment. The absorbed dose, D, to the segment is given by, D = c!:J.T, (2.35) where c is the specific heat of the calorimeter material and !:J.T is the observed increase in temperature. A significant fraction of the energy absorbed may cause lattice displacements and produce chemical changes (endothermic or exothermic). This is known as the "heat defect" and requires an appropriate correction. The calorimeter may be calibrated in terms of the increase in temperature when a known amount of thermal energy is introduced in the calorimeter segment through electrical heating of a resistor imbedded in the segment. When the calorimeter material is electrically conducting, the resistance of the segment itself may be used to generate a known energy input for calibration. The major advantages of an absorbed dose calorimeter are its conceptual simplicity and homogeneous construction. However, vacuum gaps used for thermal isolation, temperature sensors, and calibration heaters disturb the homogeneity and may necessitate appropriate corrections. Also, it is never possible to completely isolate the segment and allowance must be made for extraneous gains and losses of energy to the surroundings. Homogeneous calorimeters have been constructed of polystyrene (Zietz and Laughlin, 1982) , conducting polystyrene substitute, conducting plastic (Milvy et al., 1958), graphite (Domen and Lamperti, 1974) , A150 plastic (McDonald et al., 1976) , and water (Domen, 1980; Kubo, 1983) . In the water calorimeters of Domen and Kubo and the polystyrene calorimeter of Zietz and Laughlin, the low-thermal diffusivity of the substance has been exploited so as to obviate the need to isolate a segment. A small temperature sensor is merely located at the point where the absorbed dose is to be measured.
Any material may, in principle, be employed in a homogeneous calorimeter. Likewise, it should be possible to measure the absorbed dose calorimetrically at a point of interest in an anthropomorphic phantom by merely isolating a segment and inserting a suitable temperature sensor. However, depending on the thermal characteristics of the materials employed, intolerably long times to reach temperature equilibrium and poor thermal stability may be encountered. An important limitation of calorimetry is that it requires substantial absorbed dose rates and may be unsuitable for certain applications, e.g., in radiation protection.
Proportional Counters. The most important use of "tissue equivalent proportional counters" is in microdosimetry (Rossi and Rosenzweig, 1955) . These counters employ gas multiplication permitting highsensitivity dosimetry. Considerations of materials and their effects on the electric charge collected are much the same as for ionization chambers except for the filling gas. Special gas mixtures are used which provide adequate and stable gas multiplication, while still providing appropriate simulation of specific body tissues.
A microdosimetric spectrometer is a "tissue equivalent proportional counter" (TEPC); in the older literature it is often referred to as an "LET spectrometer." It is a characteristic of a TEPC that it is operated at gas gains high enough to measure individual events of energy deposition by single charged particles passing through the sensitive volume. In addition, the gas pressure is used to simulate a volume of micrometer dimensions with regard to the amount of energy deposition of such particles.
A TEPC may be used as an area monitor or individual monitor in radiation protection to measure dose equivalent in terms of lineal energy (Booz et al., 1984) . It may also be used in radiobiology to measure the dose distribution d(y) [ICRU Report 36 (ICRU, 1983) ] or in radiotherapy to measure d(y) and y* [ICRU Report 45 (ICRU, 1989) ].
